ABSTRACT: Effects of adding fermented wheat to liquid diets on gastrointestinal characteristics in weanling piglets were studied. Gastrointestinal characteristics of 40 28-d-old weanling piglets were measured at the day of weaning (d 0) and at d 4 and 8 after weaning. Piglets were group-housed and fed twice daily. Feeding level was based on the average metabolic BW of piglets per group. Groups were fed a liquid diet with either 45% unfermented wheat (FERM_0) or 45% fermented wheat (FERM_45). The other 55% of the diet was identical. To ferment wheat, water at 30°C was added to milled wheat in a 1:2.2 ratio. The pH and contents of lactic acid, acetic acid, propionic acid, and butyric acid were measured in the digesta of the stomach, three parts of the small intestine, cecum, and large intestine.
Introduction
After weaning, villus shortening and crypt deepening in the small intestine of piglets often occurs within a few days (Makkink, 1993; Van Beers-Schreurs, 1996) . Sufficient feed intake directly after weaning seems to prevent the undesirable changes of the morphology in the small intestine (Makkink, 1993; Pluske et al., 1997) . Diet formulation might influence gastrointestinal morphology, physiology, and microbiology (Van BeersSchreurs, 1996; Pluske et al., 1997; Jensen and Mikkelsen, 1998) . One possible effect of diet formulation
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In addition, changes in microbial populations in the digesta were studied during the period after weaning. Moreover, villus height, crypt depth, and villus shape were studied in the small intestine. Piglets fed FERM_45 showed lower gastric pH (P < 0.05) at d 4 and higher gastric lactic acid content (P < 0.001) at both d 4 and 8. Piglets fed FERM_45 showed in the first part of the small intestine higher villus height (P < 0.01) at d 8 and higher villus:crypt ratio (P < 0.001) at both d 4 and 8. Villus shape tended (P < 0.10) to be favorable for piglets fed FERM_45. The present study indicates that feeding a partly fermented liquid diet to weanling piglets may be a concept to prevent undesirable changes in mucosal architecture after weaning. might be caused by the presence of short-chain fatty acids, as hypothesized by Scholten et al. (1999) . This is supported by the fact that villus height in piglets is positively correlated with contents of short-chain fatty acids in the intestinal lumen (Nousiainen, 1991) .
Fermented diets are characterized by a pH below 4.0 and high contents of short-chain fatty acids (Scholten et al., 2001a,b) . Current data on effects of feeding fermented diets to weanling piglets are based on research with completely fermented compound diets (Russell et al., 1996; Jensen and Mikkelsen, 1998) rather than on research with liquid diets to which fermented, carbohydrate-rich feed ingredients (e.g., wheat) were added. Completely fermented compound diets, however, had an undesirable effect on gain:feed ratio . Recently, it was reported that feeding liquid diets supplemented with fermented, carbohydrate-rich feed ingredients favors both ADG and gain:feed ratio in weanling piglets (Scholten et al., 1999) . Scholten et al. (1999) hypothesized that fermented liquid diets have a positive influence on gastrointestinal health by lowering gastric pH, increasing contents of short-chain fatty acids, reducing microbial activity, and improving mucosal architecture. The present study was carried out to examine effects of addition of fermented liquid wheat to a liquid diet on gastrointestinal characteristics of weanling piglets.
Materials and Methods
Animals and Housing. The experiment was carried out in two trials. In each trial, 20 weanling piglets were used, with an average weaning age of 27 d (SD = 1.5) and an average BW of 8.0 kg (SD = 0.08). Effects of diet composition were studied for a period of 8 d. In each trial, four piglets were dissected directly, eight piglets at d 4 after weaning and eight piglets at d 8 after weaning. The piglets were derived from Dutch Landrace, Finnish Landrace, and Dutch Large White rotationalbred sows and a Great Yorkshire terminal boar. During the suckling period, piglets had free access to water and creep feed. At d 3 after birth, male piglets were castrated. On the day of weaning, sows were removed from the piglets at about 0900. Afterward, piglets were transferred to the nursery room. The day of weaning is defined as d 0. The Institutional Animal Care and Use Committee of the Wageningen Agricultural University approved the experimental protocols.
Piglets were housed in four pens of 2.65 × 0.75 m. Pens had fully slatted floors that consisted of 1.8-m plastic slats and 0.85-m metal tri-bar slats. The pens were situated in a room with computer-controlled heating and mechanical ventilation systems. In each pen, four piglets were housed (two castrated males, two females). In the front of the pen a trough with four eating places was present. Piglets were given ad libitum access to drinking water, which was supplied via nipples at the back of the pen.
Feeding. The two dietary treatments used for this study were a control diet (FERM_0) and a diet to which 45% fermented wheat was added (FERM_45). Pens were randomly assigned to one of the two diets and to one of the two dissection days (d 4 or 8 after weaning). Both experimental diets were similar in composition (Table 1) , except for the wheat content. Unfermented wheat was exchanged for fermented wheat, based on the weight after 24 h of fermentation. Furthermore, piglets were fed a diet without antibiotics, without added organic acids, and without pharmacological levels of copper and zinc (Table 1) . To exclude possible effects of feed intake on gastrointestinal characteristics all piglets were fed restrictively. Piglets were fed according to the average metabolic BW per pen at a fixed level of maintenance requirements and an expected ADG of 150 g/d during the 8-d experimental period. The assumed ME requirements for maintenance was arbitrarily assumed at 500 kJؒkg −0.75 ؒd −1
. The initial feeding level at d 0 was 0.7 times the assumed maintenance requirements and increased daily with 0.1 times the assumed maintenance requirements. The feeding levels used and expected ADG were based on data of previous studies carried out at our research institute with the same type of piglets. Piglets received their daily feed in two similar portions at 0800 and 1600. The piglets were group-fed per pen, except for the feeding time before dissection. On the day of dissection, piglets were fed individually. To prevent fermentation in the trough, eventually feed refusals were removed 1.5 h after the start of feeding. Total feed intake (feed offered minus feed refusals) was recorded daily.
Fermented wheat was prepared by adding 2.2 kg warm water (30°C) to 1.0 kg hammer-milled wheat (3-mm sieve) about 24 h prior to feeding. More details about the fermentation process are described by Scholten (2001) . About 1 h before feeding, the diets were prepared. Diet FERM_45 consisted of 55% supplementary feed to which 45% fermented wheat was added 1 h before feeding. The supplementary feed was mixed with warm water in a water:feed ratio of 2.2:1. The control diet was prepared by adding warm water to the feed in a water:feed ratio of 2.2:1. All components (water, fermented wheat, and control or supplementary feed) were weighed separately. Just before feeding, the diets were stirred again thoroughly.
Dissection. Piglets were dissected on d 0 (n = 8), or 4 (n = 16) or 8 (n = 16) after weaning. The dissections were divided over two trials. Piglets dissected at d 0 were taken immediately from the sow. On the other days of dissection (d 4 and 8), piglets were fed individually. For every piglet, dissection started exactly 1.5 h after feeding. The first dissection started at 0830, the last at 1430. At d 4 and d 8, the first piglet to be dissected was randomly assigned. If the first piglet was FERM_0 then the second was FERM_45, and so on. At d 4 and 8, per dietary treatment the whole pen (i.e., four piglets) was dissected.
Gastrointestinal Tract Measurements. Piglets were weighed immediately before anesthesia. Under anesthesia, the abdomen was opened and the gastrointestinal tract divided into seven segments using clamps and ligatures to prevent movement of digesta. The separated segments were stomach, small intestine I (0.5 m distal to ligament of Treitz), small intestine II (5.5 m to the ligament of Treitz), small intestine III (0.5 m proximal to the ileo-cecal ligament), cecum, colon, and rectum. Immediately after removal of the gastrointestinal tract, segments were removed and weighed and digesta were collected. From small intestine segments, biopsies of the gastrointestinal wall were taken and evaluated for morphological characteristics. Directly after removing the gastrointestinal tract, the piglet was given a lethal injection of euthanasia solution T61 (Hoechst Holland, Amsterdam, The Netherlands).
In the fresh digesta of every segment, pH was measured immediately after dissection. Thereafter, the digesta of segments were divided into samples for shortchain fatty acids and microbial analyses. In digesta of all segments, the content of short-chain fatty acids was analyzed. For microbial analyses only the stomach and the three segments of small intestine were used. For microbial analyses the digesta were collected per piglet, put in an airtight bottle, and flushed with N 2 for 30 s and placed in a refrigerator (4°C) during the dissection day. At the end of the day, a pooled sample was made per treatment and put in an airtight bottle, flushed again with N 2 , and sealed. Microbial analyses started within 2 h after the last dissection and were performed using appropriate dilution and culture techniques. The microbial groups that were analyzed were lactic acid bacteria, yeasts, coliforms, and E. coli. Samples were diluted in sterile PBS with cystein (0.05% wt/vol). For lactic acid bacteria, Rogosa Agar plates were used, incubated for 72 h at 37°C. To inhibit non-lactics, cooled agar 200 mg/L cycloheximide (Sigma-Aldrich Chemie B.V., Zwijdrencht, The Netherlands) was added. Furthermore, 0.004% (wt/vol) bromocresolpurple was added to distinguish acid-producing organisms from non-acid-producing organisms. For coliforms, MacConkey agar plates were used, incubated 36 h at 37°C. For yeasts, Rose Bengal Chloramphenicol Agar Base (Oxoid B. V., Haarlem, The Netherlands) was used, incubated for 72 h at 37°C. Before pouring the sterile, cooled agar, 100 mg/L chloramphenicol was added to inhibit growth of non-yeastlike organisms.
For short-chain fatty acid analyses, the digesta of every segment were collected per piglet and stored individually. These samples were frozen quickly with Dry Ice and stored at −20°C until analyses. The stored digesta were thawed at 4°C and analyzed for contents of lactic acid, acetic acid, propionic acid, and butyric acid.
The dissecting morphology of the three segments of the small intestine was determined according to the method described by Van Leeuwen et al. (1995) . From stained sections, the villus length, crypt depth, villus:crypt ratio, and index of mitosis (meta-and anaphases per 100 crypt cells) were determined according to reported procedures (Kik et al., 1990) . Villus shape was determined according to the method of Mouwen (1972) and described by Van Leeuwen et al. (1995) .
Feed Sampling and Analytical Procedures.
The pH of the fermented wheat and the two liquid diets was measured using a combination electrode (CONSORT, Belgium) every feeding time. The liquid fermented wheat and the liquid diets were sampled on d 4 and 8. These samples were stored at −20°C until analyses. Samples were subsequently analyzed for DM, starch, sugars, ethanol, lactic acid, and acetic acid. All analyses were carried out in duplicate. The methods of sampling and analyzing are described by Scholten (2001) . In addition, on d 4 and 8 fresh samples of the two liquid diets were taken for bacterial analysis and directly transported. Analysis for lactic acid bacteria, yeasts, coliforms, and E. coli started within 2 h after sampling and were performed using appropriate dilution and culture techniques (see section above).
Growth Performance. The piglets were weighed individually on d 0 (at weaning), 4, and 8 after weaning. Feed intake was recorded every feeding time. Because pen was the experimental unit, only two observations per dietary treatment and dissection day could be made. Therefore, no statistical analyses were performed and the growth performance traits can only be used as indicators.
Statistical Analyses. Data from piglets dissected on d 0 were used as reference values but not for statistical analyses. All statistical procedures were carried out using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). The experiment was set up as a completely random design with a 2 (treatment) × 2 (dissection day) factorial arrangement. The pH-value, level of lactic acid, acetic acid, propionic acid, and ethanol, villus height, crypt depth, villus:crypt ratio, villus shape, number of Goblet cells, and index of mitosis were analyzed using the following model, in which the pig was used as the experimental unit: , FERM_45) , and e ijk = error term.
Microbiological measurements and growth traits were tested with a model similar to that described above.
Results
No health problems were observed during the experiment. Statistical analyses showed that no interaction occurred between dietary treatment and day of dissection (P > 0.10). Therefore, in Tables 3, 4 , and 5 the main effects of day of dissection and dietary treatment are given. Furthermore, no dietary effect on short-chain fatty acid concentrations and pH was observed in the cecum, colon, and rectum. Therefore, in Table 4 , only the data from the stomach and three segments of the small intestine are presented.
Chemical Composition of the Diets. The pH of the liquid diets was 6.0 and 4.7 for FERM_0 and FERM_45, respectively. The analyzed nutrient composition of both diets is given in Table 1 . The contents of CP, ash, and crude fat were similar for both diets. In the FERM_45 diet, the contents of starch and sugar were lower, whereas the contents of lactic acid, acetic acid, and ethanol were greater than in the FERM_0 diet.
Microbiology. The microbiology data of the diets are presented in Table 2 . The number of lactic acid bacteria, yeasts, total coliforms, and E. coli was higher (P < 0.05) for FERM_45 than for FERM_0.
The microbiology data of the gastrointestinal tract segments are presented in Table 3 . For the first part of the small intestine, no chymus could be taken for microbial analyses. Average over d 4 and d 8, the number of lactic acid bacteria and the number of yeasts in stomach and second segment of the small intestine of the piglets fed FERM_45 were higher than for piglets fed FERM_0 (P < 0.05). Between the two treatments, no differences in the number of total coliforms and E. coli were observed in stomach, second segment, or third segment of the small intestine (P > 0.10). Hammer-milled wheat was soaked in 30°C water and fermented for 24 h (Scholten, 2001 ).
Physiology of the Gastrointestinal Tract. Mean pH and
short-chain fatty acid contents in the gastrointestinal tract are presented in Table 4 . On average, the gastric pH of piglets fed FERM_45 was lower (P < 0.05) than for piglets fed FERM_0. Likewise, a tendency (P < 0.10) was observed for higher pH in the first part of the small intestine of piglets fed FERM_45. The pH in the second and third segment of the small intestine was not affected (P > 0.10) by diet. Over d 4 and 8, the total content of short-chain fatty acids was higher (P < 0.01) in the stomach of piglets fed FERM_45 than for piglets fed FERM_0, whereas in all three segments of the small intestine no dietary effect was observed (P > 0.10). Gastric lactic acid content was about threefold higher for piglets fed FERM_45 than for piglets fed FERM_0 (P < 0.001). Over d 4 and 8, the lactic acid content in the second segment of the small intestine was higher for piglets fed FERM_45 (P < 0.05) than for piglets fed FERM_0. Except for a higher propionic content in the stomach of piglets fed FERM_45 compared with piglets fed FERM_0 (P < 0.10), no effect of dietary treatment on contents of propionic acid, acetic acid, or butyric acid were observed (P > 0.10).
Morphology Characteristics. The morphological characteristics are presented in Table 5 . In the first segment of the small intestine, the effects of dietary treatment on morphological characteristics were obvious, whereas in the second and third segment of the small intestine no effects of dietary treatment were observed (P > 0.10). Over d 4 and 8, villus length in the first segment of the small intestine was higher for FERM_45 than for FERM_0 (P < 0.01). In SI1, the villus:crypt ratio was higher for FERM_45 than for FERM_0 (P < 0.001). In addition, there was a tendency toward favorable villus shape in the first segment of small intestine for FERM_45 compared with FERM_0 (P < 0.10). No effect of dietary treatment was observed (P > 0.10) in the number of goblet cells, ratio of sulfo goblet cells, and mitosis index.
Growth Performance. Piglets fed FERM_45 had an average daily gain of 18.8 and 67.2 g/d between d 0 and 4 and between d 4 and 8, respectively (data not shown) and piglets fed FERM_0 had an average daily gain of −15.6 and 35.9 g/d during the same periods, respectively. No differences in feed intake were observed. Piglets were weaned at an average weaning age of 27 d and an average BW of 8.0 kg. Piglets were dissected 1.5 h after last feed intake. Gastrointestinal tract was removed and divided into several segments. 
Discussion
During the 24-h fermentation of liquid wheat, levels of starch and sugar decreased to 0.90 and 0.18 from the initial level, respectively. The levels of lactic acid, acetic acid, and ethanol in liquid wheat increased from 0 to 42.4, 5.3, and 10.9 g/kg DM, respectively, after 24 h of fermentation, whereas pH decreased from 5.9 to 3.6. This is in line with results of Scholten (2001) , who reported a pH-value of 3.7 and 55.5 g lactic acid/kg DM and 4.9 g acetic acid/kg DM in 24-h-fermented liquid wheat. As a consequence of the addition of 45% fermented liquid wheat, the energy supply of FERM_45, compared with FERM_0, was partly shifted from starch and sugar into lactic acid, acetic acid, and ethanol (Table 1). Apart from the differences in nutrient composition, the microbial composition was also different between FERM_0 and FERM_45. The fermented diet is characterized by a high number of lactic acid bacteria and yeasts, but also by a higher number of total coliforms and E. coli. This seems to be caused mainly by the high number of total coliforms and E. coli in the 24-h-fermented wheat (data not shown). This is unexpected, because the fermented wheat had a pH of 3.6, and it is generally considered that a low pH inhibits the growth of harmful bacteria, such as coliforms (Nout et al., 1989) . Our observation suggests that 24-h fermentation of wheat is not enough to eliminate coliforms and that besides the absolute pH-value also the time aspect is important. This is confirmed by Scholten (2001) , who showed that in 24-h fermented wheat the population of coliforms was still high (5.13 log 10 cfu/g; pH-value 3.7), whereas in 48-h fermented wheat the number of coliforms was < 3.0 log 10 cfu/g.
The effect of feeding a partly fermented diet on pHvalue and level of short-chain fatty acids is most obvious in the stomach, whereas in the small intestine almost no difference was observed. The feeding of FERM_45 to weanling piglets resulted in a reduced gastric pH and higher levels of gastric lactic acid. To date, limited data are available on effects of fermented liquid diets on levels of short-chain fatty acids in the chymus of weanling piglets. In agreement with the present study, lower gastric pH and higher gastric lactic acid content were found in piglets fed a completely fermented compound diet for 14 d (Mikkelsen and Jensen, 1997) and 28 d after weaning. In both experiments, the authors also observed a higher pH in the first part of the small intestine when piglets were fed a completely fermented diet Jensen, 1997, 1998) . In the present study, however, only a numerically higher pH in the first segment of the small intestine was found for piglets fed FERM_45 compared with piglets fed FERM_0 (6.0 compared to 5.2 on d 8). Ravindran and Kornegay (1993) reported that low gastric pH stimulates the secretion of pancreatic bicarbonate, which can buffer the pH in the first part of the small intestine. Thaela et al. (1998) reported that the addition of 2.5% lactic acid to weanling diets increased the volume and protein content of pancreatic secretion, although they found no increased bicarbonate level (Thaela et al., 1998) . It can be hypothesized that completely fermented diets with levels of lactic acid up to 80 g/kg DM and levels of acetic acid up to 11 g/kg DM (Mikkelsen and Jensen, 1997) influence pancreatic secretion, including bicarbonate.
After weaning, villus shortening in the small intestine of piglets often occurs (Makkink, 1993 ; Van Beers- Hammer-milled wheat was soaked in 30°C water and fermented for 24 h (Scholten, 2001). b Piglets were weaned at an average age of 27 d and an average BW of 8.0 kg. Piglets were dissected 1.5 h after last feed intake. Gastrointestinal tract was removed and divided into several segments. c Total short-chain fatty acids = lactic acid + acetic acid + propionic acid + butyric acid. Schreurs, 1996) . In the literature, mainly the effect of feed intake on mucosal morphology has been studied, whereas in the present study the type of nutrient was studied. The composition of FERM_45 was changed in such a way that starch and sugars were partly replaced into the fermentation products lactic acid, acetic acid, and ethanol. In the present study, the feeding of FERM_45 resulted in a smaller reduction (d 4) and faster recovery (d 8) of villus height compared with the feeding of FERM_0. The piglets fed FERM_45 showed higher lactic acid and total short-chain fatty acids levels in the stomach and higher villus height, better villus shape, and higher villus:crypt ratio than piglets fed FERM_0. These findings seem to agree with findings of other studies in which positive effects of short-chain fatty acids on intestinal proliferation (Sakata et al., 1995) or villus height (Nousiainen, 1991) were observed. Moreover, in the first part of the small intestine no differences in lactic acid and total short-chain fatty acids levels were found between piglets fed FERM_45 or FERM_0. It might be suggested that short-chain fatty acids are rapidly absorbed by the mucosal cells and used as a fuel, the so-called luminal nutrition theory (e.g., Pluske et al., 1997) .
The present study demonstrated that the addition of a fermented, carbohydrate-rich feed ingredient to a liquid diet for weanling piglets changed the nutrient composition of the diet. Feeding a diet with a high content of fermentation products had positive effects on the gastrointestinal characteristics of weanling piglets. Results clearly confirm that the type of nutrient is important for mucosal architecture and physiology of the chymus, mainly in the first part of the gastrointestinal tract. Fermentation is a complex process and fermented diets consist of a broad range of fermentation products (e.g., lactic acid, acetic acid, ethanol, microflora). More knowledge is needed about the responsible factor or combination of factors in fermented diets, which contribute to the observed positive effects on gastrointestinal characteristics. In addition, research on effects of addition of a fermented carbohydrate rich feed ingredient to a diet for weanling piglets on the average growth performance traits after weaning is needed. Piglets were weaned at an average age of 27 d and an average BW of 8.0 kg. Piglets were dissected 1.5 h after last feed intake. Gastrointestinal tract was removed and divided into several segments. c Villus shape measured following the method of Mouwen (1972) as described by Van Leeuwen et al. (1995) . Index of mitosis (meta-and anaphases per 100 crypt cells) were determined according to reported procedures (Kik et al., 1990) .
Implications
Addition of a fermented, carbohydrate-rich feed ingredient (i.e., wheat) to a diet for weanling piglets positively affected the physiology and mucosal architecture of first part of the first part of the gastrointestinal tract. Piglets fed the liquid diet with fermented wheat had higher villus height and higher villus:crypt ratio. Also, the villus shape was more favorable for the piglets fed the diet with the fermented wheat. Given the concept that short-chain fatty acids might affect mucosal architecture directly after weaning, and consequently positively affect growth performance traits, the present data indicate that feeding liquid diets with fermented, carbohydrate-rich feed ingredients may prevent undesirable changes in mucosal architecture of weanling piglets.
